Background: It is well established that cross talk between natural killer (NK) cells and myeloid dendritic cells (DC) leads to NK cell activation and DC maturation. In the present study, we investigated whether type 1-polarized DC (DC1) matured in the presence of IFN-γ and type 2-polarized DC (DC2) matured in the presence of PGE2 can differentially activate NK cells. Methods: In order to generate DC, plastic adherent monocytes were cultured in RPMI 1640 containing GM-CSF and IL-4. At day 6, maturation was induced by culturing the cells for 2 days with cytokines or PGE2 in the presence or absence of LPS. Each population of DC was cocultured with NK cells for 24 h. The antigen expression on DC was analyzed by flow cytometry and cytokine production in culture supernatant was measured by ELISA or a bioassay for TNF-α determination. NK cell-mediated lysis was determined using a standard 4 h chromium release assay. Results: DC2, unlike DC1, had weak, if any, ability to induce NK cell activation as measured by IFN-γ production and cytolytic activity. DC2 were weakly stimulated by activated NK cells compared to DC1. In addition, IFN-γ-primed mature DC appeared to be most resistant to active NK cell-mediated lysis even at a high NK cell/DC ratio. On the other hand, PGE2-primed DC were less resistant to feedback regulation by NK cells than IFN-γ-primed mature DC. Finally, we showed that the differential effect of two types of DC population on NK cell activity is not due to differences in their ability to form conjugates with NK cells. Conclusion: These results suggest that different combinations of inflammatory mediators differentially affect the effector function of DC and, as a result, the function of NK cells, eventually leading to distinct levels of activation in adaptive immunity. 
Introduction
Natural killer (NK) cells and dendritic cells (DC) represent two distinct components of the innate immune system. NK cells are effector cells of innate resistance that are able to lyse a variety of cells, including tumor and virus-infected cells, spontaneously in the absence of Ag-specific recognition (1) . The cytolytic activity of NK cells is augmented by IL-2 and, to a lesser extent, by other cytokines, including IL-12 and IFN-α. Activated NK cells also acquire the capacity to lyse target cells that are resistant to lysis by resting NK cells, and to produce cytokines, particularly IFN-γ. IFN-γ-producing NK cells regulate innate resistance by activating phagocytic cells and priming APC for IL-12 production, thus shaping adaptive immunity toward a Th1 response (2) . DC are considered sentinels of the immune system because of their role as initiators of both innate and antigen-specific immunity (3, 4) . Located in the periphery as an immature form, DC take up substrates such as proteins and dying cells from the surrounding environment. Upon encounter with microbial antigens or pro-inflammatory cytokines, the DC mature, process, and present the internalized antigens on MHC molecules. Mature DC then prime naive T cells, selected from the recirculating T cell pool in secondary lymphoid organs, producing active antigen-specific MHC class I-restricted CTLs (3, 5, 6) . Although NK cells are part of innate immunity, they share many phenotypic and functional features with T cells (7) (8) (9) . T cells cooperate with DC in the initiation/amplification of antigen-specific responses. Several groups have reported that the DC-NK interaction can activate each of the cells (10, 11) .
In addition, tissue-derived factors, such as IFN-γ and PGE2, present during the activation of human monocyte-derived sentinel DC promote the generation of type 1 effector DC (DC1), which produce high amounts of IL-12 upon subsequent engagement with naive T cells, or the generation of IL-12-deficient DC2, which drive the development of Th2 cells (12, 13) .
In the present study, we investigated whether DC1 and DC2 can differentially activate NK cells. Monocyte-derived DC were stimulated with TNF-α, IL-1β, and IFN-γ (DC1) or PGE2 (DC2). In order to examine the interaction between different phenotypes of DC and NK cells, DC differentiated from monocytes were cocultured with autologous NK cells. Our results indicated that DC2, unlike DC1, had a weak, if any, ability to induce NK cell activation. IFN-γ-primed mature DC were resistant to feedback regulation by NK cells. Therefore, different combinations of inflammatory mediators differentially affect the effector function of DC and, as a result, the function of NK cells, eventually leading to distinct levels of activation in adaptive immunity. Cell-mediated cytotoxic assay. NK cell killing of K562 cells or DC was determined using a standard 4 h chromium release assay (15 detected by flow cytometry after activated NK cells and DC were labeled with PKH26 red or PKH67 green fluorescent dyes (Sigma), respectively. After labeling, the cells were washed and incubated together (NK-DC) at a 1 : 1 ratio for 1 h at 37 o C in the presence or absence of EGTA. The percentage of conjugates formed was calculated with a FACSCalibur.
Materials and Methods

Generation
Results
Activating interaction between NK cells and DC is dependent on cell-cell contact.
We began our study by investigating the interaction between autologous DC and resting NK cells. These initial experiments demonstrated that both cell types become activated after coculture for 24 h. The immature DC before coculture with NK cells showed evidence of maturation as determined by their increased expression of both HLA-DR and CD83 antigens (Fig. 1A) , and cytokine production (Fig. 1B ), which were augmented by both increasing the number of NK cells and the addition of LPS. However, IFN-γ production by NK cells was only detected in the group of DC-NK cells cocultured in the presence of LPS (Fig. 1C) . Of note, this production was dependent on cell-cell contact, because NK cells did not produce IFN-γ in a transwell plate system where DC and NK cells were located in upper and lower wells, respectively (Fig. 1D) . A combination of inflammatory stimuli induces either effector DC1 or DC2. To study the direct effect of different stimuli (IFN-γ or PGE2) on the maturation of senti- nel DC into effector DC, uncommitted monocyte-derived DC were cultured with the combination of IL-1β and TNF-α (maturation factor: MF) and/or IFN-γ or PGE2. All stimuli induced final maturation within 48h, as evident from the induction of HLA-DR, CD80, CD86, and CD83 expression (Fig. 2) . The level of surface antigens was not significantly different between the DC1 (MF+IFN-γ) and DC2 (MF+ PGE2) groups. In these conditions, DC1 could produce bioactive IL-12p70, whereas DC2 produced IL-10 (Fig. 3A) . We used these cells as activators of NK cells after extensive washing to remove soluble factors. After extensive washing, IL-12 and IL-10 were not detectable (data not shown). DC1 function as a potent activator of NK cells. After final maturation of DC, we investigated which type of DC, Cr and then co-incubated with freshly isolated resting or IL-2 stimulated autologous NK cells at two ratios. After incubation for 4 h (A) or 24 h (B), the culture supernatants were harvested and the 51 Cr release into the supernatant was counted in a gamma counter. DC1 or DC2, could activate NK cells through cell-cell interaction. Mature DC were cocultured with purified peripheral NK cells at a 1:1 ratio for 24 h. The supernatants were harvested and used for the determination of cytokine levels by ELISA, and the cells were used as effector cells for the determination of cytolytic activity against K562 cells. Interestingly, NK cells (1×10 5 ) cocultured with DC showed a marked enhancement of IL-12 and IFN-γ production (Fig. 3B ) as well as cytolytic activity (Fig. 4) (Fig. 5A ) or 24 h (Fig. 5B) . Although DC1 were most resistant to NK cytolytic activity, mature DC generally became much more resistant to NK cell cytolytic activity than immature DC.
Conjugate formation with NK cells is increased for both DC 1 and DC2.
As mentioned earlier, cell-cell contact is required for efficient communication between DC and NK cells (Fig. 1D ). Therefore, we tested whether DC2 have a poor conjugate-forming capacity with NK cells. After differentiation of DC, the cells were labeled with PKH67 green fluorescent dye and co-incubated with IL-2-treated NK cells, which were labeled with PKH26 red fluorescent dye, at 37 o C for 1 h. The conjugation between DC and NK cells was enhanced after the induction of DC maturation (Fig. 6) . However, contrary to our expectation, we observed that conjugate formations by DC1 and DC2 were not significantly different from each other. This conjugate formation was inhibited by treatment with a calcium chelator, EGTA, indicating that this interaction is Ca 2+ dependent.
Discussion
Cognate interactions are a common feature of the antigen-specific immune response, where cell-cell contact regulates such critical events as antigen presentation and the delivery of T cell help to CTLs and B cells (16) (17) (18) . In contrast, coordinated control of innate immunity is thought to be mediated almost exclusively by cytokine feedback loops (19) (20) (21) . Recently, one exception to this general rule was proposed for the innate immune system and, importantly, it involves contact-dependent activation of murine or human NK cells by immature DC or mature DC (11, 22) .
A role for DC in the process of NK cell activation has been clearly demonstrated in many different experimental systems (23, 24) . In most instances, DCmediated NK cell activation is dependent on IL-12 and other DC-derived cytokines/molecules. IL-12 appears to be a crucial cytokine for the induction of IFN-γ by NK cells (25, 26) . In our study, although the IL-12 necessary for NK cell activation was released even after non-stimulated DC and NK cell contact, LPS-activated DC that produce large amount of IL-12 most efficiently induced NK cells to produce IFN-γ (Fig. 1B, C) , suggesting the presence of other LPS-inducible soluble factors in the activation process of NK cells. NK cell activation through NK cell-DC interaction also required cell-cell contact for effective cross talk between the two cell types (Fig. 1D) . We investigated whether the cytokine environment and the mode of activation affect maturation of DC derived from monocytes and corresponding NK cell-DC interactions. DC were matured with a set of pro-inflammatory mediators or in combination with IFN-γ or PGE2. PGE2, which was used for activation of DC in our short-term protocol, has also been shown to prevent secretion of bioactive IL-12 (27) . These findings were also confirmed by our results showing that PGE2 has a suppressive effect on IL-12 production by DC matured with inflammatory mediators. In contrast, an elevated level of IL-10 expression by mature DC was induced by the addition of PGE2, suggesting suppressive activity of PGE2 upon Th1-type immune responses. It has been shown previously that PGE2 has different and sometimes opposite effects on DC function depending on the nature of the maturation signals (28) (29) (30) . It was noteworthy that IFN-γ-pri-med mature DC in NK cell-DC cocultures were fully capable of inducing IL-12 as well as NK cell activation, characterized by increased production of IFN-γ and cytolytic activities of NK cells. However, PGE2 did not elevate IFN-γ production by NK cells and exerted a suppressive effect on NK cell cytotoxicity.
The relative contributions of different states of DC maturation to the NK cell-mediated killing process of DC appeared to correlate with the ability to induce NK cell activity. IFN-γ-primed mature DC were most resistant to killing by IL-2-activated NK cells. In contrast, PGE2 did not provide mature DC with any significant protection from NK cell-mediated killing, although the percentage of conjugate formation between the two cell types was not different for IFN-γ-primed and PGE2-treated mature DC. These results suggest that the differential effects of two types of DC population on NK cell activity are not due to a difference in their ability to form conjugates with NK cells. In our experimental setting, NK cells were less efficient in killing mature DC capable of inducing Th1 type immunity, irrespective of conjugate formation between DC and NK cells. It has been shown previously that whereas low NK cell/DC ratios lead to NK cell-mediated DC activation, higher ratios result in NK cell-mediated DC killing (11, 24) . In our experiments, IFN-γ-primed mature DC showed strong resistance to active NK cell-mediated lysis even at high NK cell/DC ratios. It has been proposed that one of the signals required for NK cell-mediated DC killing may be mediated by the NKp30 receptor that, by recognizing its ligands on immature DC, appears to be crucial for this killing process in vitro (24) . Subsequent studies showed that monoclonal antibody-mediated blocking of NKp30 strongly inhibited NK cell-dependent DC maturation mediated by TNF-α and IFN-γ (31). Thus, it is necessary to further examine whether the NK cell subsets expressing specific receptors, like the NKp30 receptor, are differentially modulated by mature DC stimulated with different combinations of inflammatory cytokines and soluble factors.
In conclusion, we show evidence of NK cell activation that is dependent on DC maturation condition, although we have not investigated the key molecules of this NK cell activation in detail. The process of NK cell activation by NK cell/DC interaction might be important for not only upregulating antitumor NK cell activity, but also complementing the NK cellmediated editing of DC imposed by the positive selection of mature DC, favoring an enrichment of fully activated DC. Therefore, it is necessary to fully understand DC-mediated mechanisms of NK cell priming to elicit their potent function against infected and tumor cells.
